Introduction
Silica nanoparticles occupy a prominent position in research science because of their easy preparation and wide range of applications. 1 Recently, the interest in mesoporous silica materials for use as carriers in controlled release has increased due to their several attractive features, such as stable uniform mesoporous structure, high surface area, tuneable pore sizes, well defined surface properties, non-toxic nature and good biocompatibility. Furthermore, hollow silica spheres facilitate a high drug storage capacity and excellent sustained release properties because of their unique hollow core structures that act as reservoir for active molecules. In the context of increased bacterial resistance to common antibiotic treatments, nanoscale materials offer a unique opportunity to bring innovative and effective solutions to bacterial disease control, such as silver (Ag) and gold (Au) nanoparticles. 2 Another possibility is the use of inorganic hosting nanostructures to support organic compounds with bactericidal activity for various applications, with the aim of minimizing undesirable environmental toxicity, controlling or delaying the release or extending the life span of biocidal effect. [3] [4] [5] Up to now, the encapsulation of drugs into mesoporous silica or hollow silica was mainly post-synthesis. However, the use of emulsions as templates to synthesize hollow silica spheres has made possible the direct encapsulation of drug macromolecules in silica microcapsules, by interfacial hydrolysis and condensation of TEOS through w/o emulsions. 6 Polyhexamethylene biguanide -referred hereafter as PHMB -is a broad spectrum, fast acting and widely used bactericide in the formulation of disinfectants and sanitizers for industrial applications, primarily as a solid surface disinfectant. PHMB has been used as an active ingredient in several products such as wet wipes, wound irrigation solutions, sterile dressings as well as in swimming pool sanitizers, cosmetics and personal care products, contact lens disinfectants, fibers and textiles. [7] [8] [9] [10] It is a highly watersoluble, positively-charged polymer marketed worldwide 11, 12 and its broad use is due to excellent antimicrobial activity, chemical stability, low toxicity and reasonable cost. 8 This polymer has an average molecular weight of 2648±50 g.mol -1 and an average of 10-13 repeating units per chain ( fig. 1 ). 12 Bacterial resistance is very unlikely to occur due to non-specific and multi-target PHMB antibacterial action, 8, 12 acting as a bacteriostatic if administered at low concentrations (1-10 µg.mL -1 ) and as a bactericidal at high doses (>10 µg.mL -1 ). 13 The majority of PHMB applications has been carried out in "free form" [7] [8] [9] [10] but this is far from appropriate for applications in the environment, where residual traces of PHMB would certainly not be acceptable. An inherent disadvantage of PHMB is the high solubility in water 8 , which makes its removal from the environment extremely difficult. The immobilization of PHMB in insoluble supports can be an interesting approach to inactivate pathogenic microorganisms, preventing any risk of environmental contamination. Additionally, when stable chemicals like PHMB 9 are immobilized on solid supports, they can be easily removed, recovered and reused, which makes this a less expensive technology. In this work we attempted the encapsulation of commercially available PHMB (VANTOCIL ® IB) in silica capsules with porous shells via a water-in-oil microemulsion, through a single (one-step) polymerization step process. There are reports of PHMB functionalization onto cationic silver nanoparticles 13 but, to the best of our knowledge, the immobilization/encapsulation of this antimicrobial agent in inorganic silica capsules is a new topic and has not been reported yet.
The synthesis and characterization of silica particles encapsulating PHMB was performed by different techniques and the antibacterial activity of the capsules was evaluated as a starting ground for future applications such as surface cleansers or coatings.
Experimental section

Materials
Ammonia solution 25-28% (NH 4 OH), Span ® 85, Tween ® 20, tetraethyl orthosilicate 99.9% (TEOS) and PBS (Phosphate Buffer Solution) were purchased from Sigma-Aldrich. Poly(hexamethylenebiguanide) hydrochloride (PHMB) was supplied as a 20% w/w solution in water (Arch UK Biocides) and cyclohexane was obtained from Merck. Ethanol was provided by Carlo Erba reagents, sodium phosphate dibasic and sodium phosphate monobasic were supplied by Riedel-de Häen. All reagents were of analytical grade and used without any further purification.
Synthesis of silica capsules loaded with PHMB (PHMB@Silica capsules)
Silica capsules were prepared through a reverse emulsion, using 
Release studies of PHMB from silica capsules
The total release of PHMB from silica capsules (determination of loading content), in different solvents, was monitored by UV-Vis spectrophotometry using a ThermoScientific Evolution 220 UV-Vis Spectrophotometer. Calibration curves were performed and their correlation coefficient, from at least 5 standards, was higher than 0.9999. A suspension of capsules loaded with PHMB (20 mg) was prepared in 20 mL of solvent (water; PBS pH 7.0; 70% (v/v) ethanol) and kept for 24 h under continuous stirring. At 24 h, aliquots were extracted with a syringe and filtered through PTFE membrane filters (0.45 µm pore size) to remove capsules. Dilutions were performed when needed. Additionally, at different time periods (0-24 h), a series of aliquots were taken from a capsules suspension (50 mg capsules in 50 mL of solvent) with a syringe and filtered through PTFE membrane filters (0.45 µm pore size) to remove capsules. This study was only performed in PBS at pH 7.4 to establish a direct comparison between PHMB release and antimicrobial assessment results. The maximum release of PHMB was monitored, for both studies, and its concentration and corresponding loading content were determined by UV-Vis spectrophotometry at specific wavelengths. Encapsulation efficiency was determined according to the following equation (1)
where nPHMB ext is the amount of PHMB extracted from the silica capsules and nPHMB i is the initial amount of PHMB used in the encapsulation.
Assessment of the antimicrobial effect of PHMB silica capsules
The antimicrobial effect of PHMB in silica capsules and PHMB in free form was evaluated using a recombinant bioluminescent strain of Escherichia coli. 15 Bacterial cells suspensions (10 7 UFC.mL -1 ) in PBS were exposed to the capsules, for 4 h. The tested concentrations of PHMB@Silica capsules were those equivalent to 20 ppm PHMB, which is the minimum inhibitory concentration (MIC) of this biocide against E. coli 16 , and a ten-fold higher concentration (200 ppm PHMB). A negative control corresponding to cell suspensions in PBS without any amendment and controls corresponding to equivalent concentrations of empty silica capsules and the surfactants Tween ® 20 and Span ® 85 used in the preparation of capsules were included. The inactivation was assessed, in real time, as the decrease in bacterial light emission, read in a luminometer (TD-20/20, Turner Designs).
Results and discussion
Synthesis of PHMB@Silica capsules
Silica capsules were produced through a water-in-oil emulsion (reverse emulsion) polymerization using Span ® 85 and Tween ® 20 as surfactants and cyclohexane as continuous phase ( fig. 2 ). For both empty silica capsules and silica capsules loaded with PHMB (PHMB@Silica capsules) white particles were obtained via polymerization of silica precursor TEOS. 
Capsules characterization
Scanning electron microscopy
Scanning Electron Microscopy (SEM) was used to analyze the size and shape (morphology) of the synthesized capsules ( fig. 3 ). The observed particles display a spherical and regular shape, with diameters between 100 and 300 nm for empty capsules and between 270 nm and 1 µm for PHMB@Silica capsules. From SEM analysis it is also possible to observe the presence of residual polymer that may have contributed to some degree of aggregation.
Comparing both capsules, it is clear that encapsulation of PHMB leads to considerable changes in terms of particle size since a broader distribution of sizes for the loaded material has been observed. 
Zeta potential and particle size analysis
Zeta potential and particle size distribution of synthesized silica capsules have been assessed. According to zeta potential analysis, empty silica capsules have an average zeta potential of ca -28 mV, which is in agreement with the charge associated with SiO 2 functional groups. 17 On the other hand, PHMB@Silica capsules have an average zeta potential of ca +60 mV, probably due to the fact that PHMB is a cationic polymer and its presence at the capsule interface determines the positive charge. Noteworthy, the water-inoil emulsions of PHMB also possess the same average zeta potential.
Regarding the size distributions of synthesized capsules, determined by dynamic light scattering ( fig. 5 ), empty silica capsules present a narrower distribution of sizes than PHMB-loaded capsules, with peaks ranging from ~100 nm to slightly larger diameters (~300 nm), while for PHMB silica capsules particle size distribution exhibits a peak centered at 164 nm but the presence of larger particles (up to 1.5 µm) leads to a higher average size. The results are consistent with SEM images presented in fig. 3 . From the results obtained in section 3.2.1 and 3.2.2, it is clear that PHMB causes significant changes in the particle size. Considering that at least a fraction of PHMB is situated at the interface of the emulsion, this polymer seems to play a role on the way TEOS polymerizes and eventually on how mass transfer between the two phases occur.
FTIR characterization
FTIR analysis of the synthesized capsules was performed to confirm the encapsulation of PHMB. In the FTIR spectra presented in fig. 6 
Nitrogen sorption isotherms and pore size distribution
The textural properties of silica capsules (empty and PHMB@Silica capsules) were evaluated through adsorption-desorption N 2 isotherms at -196 o C, and are presented in fig. 7A . The empty capsules exhibit a high pore volume of 1.3 cm 3 .g −1 and an unimodal pore size distribution ( fig. 7B) , with average diameter of 14.4 nm as determined by the BJH method. 14, 22 Upon encapsulation/immobilization, PHMB@Silica capsules showed a noteworthy decrease in the pore volume and surface area values (see table 1), thereby suggesting that PHMB immobilization induces significant changes on the capsule porosity. Furthermore, the pore size distribution is largely shifted to lower pore diameters with an average value of 4.4 nm. These results can be explained by taking into account the dimension and morphology of the PHMB molecule (conformation chain, hydrophobicity and charge density) which, during capsule formation occupy the pores.
Thermogravimetric analysis
Thermogravimetry experiments were performed in order to verify the thermal behavior of both empty and PHMB containing silica capsules, as well as for the determination of the amount of encapsulated antimicrobial agent. Thermogravimetric analysis of calcined silica capsules was performed as a reference ( fig. 8 ). When comparing calcined vs. empty silica capsules, there is ca. 13% of weight loss detected for empty silica capsules. This weight loss is ascribed to degradation of incompletely hydrolyzed and condensed TEOS and possibly to some residual amount of surfactants used in the synthesis. This fact indicates a strong interaction between PHMB and silica. Similar features were observed before with cellulose-silica hybrids, where cellulosed formed hydrogen bonding to silica. 25 The differences in weight loss observed between empty silica capsules and those filled with PHMB revealed the amount of loaded PHMB, which was ca 24 wt% ( fig. 8 ). According to these findings, encapsulation efficiency was determined to be 20%.
Quantitative analysis of PHMB by UV-Vis spectroscopy
For quantitative analysis and release of PHMB from the capsules, calibration curves of the drug were performed in water, ethanol 70% and PBS (pH 7.0). Fig. 9 shows the UV-Vis spectra of PHMB (20% ww) in those media, demonstrating the maximum absorbance of PHMB at λ=235 nm in water and PBS solution and λ=236 nm in ethanol. The loading content obtained by release of PHMB in deionized water was ca. 22 wt%. The slightly higher amounts of loaded PHMB obtained by TG analysis may be due to the fact that the simple extraction with water is not able to entirely remove the polymer trapped inside the pores, leaving a small amount of the polymer inside. The total amount of PHMB released from capsules was determined by suspending PHMB@Silica capsules in different solvents, under stirring, for a 24 h period at room temperature. Different solvents (water, 70% ethanol, and PBS) were chosen due to different solubility of PHMB in these media and their relevance for biological studies. Besides, 70% ethanol was chosen due to the fact that cleansing wipes and cleansing solutions are known to have ethanol (70-90%) in their composition, being relevant for applications of PHMB encapsulated in silica capsules. PHMB release reached 88%, 68% and 63% for water, 70% ethanol and PBS pH 7.0, respectively. The reduced release of PHMB in ethanol, when compared to water, was expected since the solubility of PHMB is greater in water than in ethanol 8 . On the other hand, the lower release of PHMB in PBS solution, when compared to deionized water, can be attributed to the presence of salts in the buffer solution that cause a decrease in the polymer solubility. 26 PHMB release studies were performed in PBS pH 7.4 ( fig. 10 ), to establish a correlation with antimicrobial assessment results shown in section 3.4. The release of PHMB from capsules in PBS pH 7.4 solution reaches ca. 59% of the initial loading content (determined by TG analysis) after 30 min. This fast release might be due to the fact that a fraction of PHMB is trapped at the capsule surface. After this time, the release of PHMB reaches a plateau, which remained constant (within error) for the whole period sampled. In order to understand the release behaviour of PHMB from the silica capsules, several kinetic models were fitted to the experimental data, such as first and pseudo-first order, Higuchi, Hixon-Crowell, Ritger-Peppas and pseudo-second order. Pseudo first order and pseudo second order kinetic equations commonly are used in desorption studies. 27 From all the aforementioned models, only the pseudo-second order (equation 2) fitted the whole range of experimental release data, with a high correlation coefficient (R 2 ).
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‫ݍ/ݐ‬ ௧ ൌ ‫ݍ݇/1‬ ଶ ‫ݍ/ݐ‬ (2) where q e and q t are the equilibrium release amounts and the release amounts at any time (t), respectively. Based on this model, the fitted results of PHMB release profiles are given in fig. 11 and table 2. Table 2 . Drug release kinetic data obtained from pseudo-second order fitting of PHMB release from silica capsules.
* estimated from pseudo-second order kinetic model
The q e values obtained from the pseudo-second order fitting and presented in table 2 are consistent with the experimental values obtained for q e . This indicates that PHMB release data is consistent with a desorption process in the entire range of time sampled. At this point, the exact location of PHMB on silica capsules can be discussed based on results obtained and complemented by different techniques. On one hand the positive zeta potential measured in the presence of PHMB is consistent with the cationic nature of this polymer and its location on the surface of silica, which somehow explains a desorption-like mechanism for the release of PHMB. However, these results do not exclude the fixation of PHMB in the inner region (pores) of silica capsules. The walls of silica porous materials are completely covered with silanol groups, allowing a large range of molecules to be confined inside the materials pore network. 32, 33 Herein, this is supported by significant changes in the textural properties, namely a significant decrease in surface area and pore size upon PHMB encapsulation/immobilization. In addition, the interactions between the immobilized molecules and capsules are frequently associated with hydrogen bonding and electrostatic interactions 34 , which is in agreement with the TG results obtained for PHMB@Silica capsules. 
Antimicrobial activity assessment
The bactericidal effect of PHMB@Silica capsules was compared with the activity of the free polymer (PHMB), potential bactericides used in the synthesis of silica capsules (surfactants), empty silica capsules, as well as the medium (PBS) used for the microbiological studies.
The results for a 240 min time span and for the reference PHMB concentrations of 20 and 200 ppm, are presented in fig. 12 and 13, respectively. Considering that because of operational limitations, bioluminescence was not read immediately upon the addition of the tested materials and a time lapse of up to 5 min may have occurred, the initial bioluminescence in the control suspension (PBS) was plotted as a theoretical time-zero value, and initial readings in all treatments were plotted as corresponding to a 5 min exposure. In experiments conducted with 20 ppm of PHMB, the biocidal effect expressed as a decrease in light emission by the bioluminescent bacteria in relation to the control (PBS), was higher for free PHMB (3.3 log) than for PHMB@Silica capsules (2.5 log). Empty capsules and surfactants had no significant bactericidal action (ANOVA, p > 0.05), corresponding to <1 log reduction in light emission. In the experiments with PHMB concentrations of 200 ppm, silica capsules and surfactants did not cause significant inhibition (ANOVA, p > 0.05), which is in accordance with what has been reported for empty silica capsules. 35 Although the antimicrobial efficiency of encapsulated PHMB was reduced in comparison to the free polymer for the first 60 min (ANOVA, p < 0.05), similar inactivation factors were achieved (4.2 log reduction in light emission) at the end of the experiment (ANOVA, p > 0.05) ( fig. 13 ). Considering that a maximum release of biocide from the PHMB@Silica capsules was attained after 30 min and that the effect of the biocide in the free form occurs mainly during the initial 15 min of exposure, the observed delay in antimicrobial activity of PHMB@Silica capsules is considered consistent with PHMB release from capsules and triggering of the biological effect (points highlighted with in fig. 13 ). The bacterial inactivation obtained with PHMB@Silica capsules verifies the criterion of a minimum 3 log10 CFU reduction (killing efficiency of 99.9% or more) established by the American Society of Microbiology so that any new approach can be termed "antimicrobial" or "antibacterial". 36 Therefore, the observed delay in antimicrobial activity is considered consistent with PHMB release from capsules.
The promising results of PHMB on bacterial inactivation, accompanied by the possibility to immobilize it on insoluble inert silica capsules suggest that this approach can be applied in the environment. The use of immobilized PHMB allows its recovery and reuse, preventing direct interaction with any component of the ecosystem, as well as its diffusion or accumulation in the environment. Besides, the possibility to reuse the immobilized PHMB makes this approach less expensive. 
Conclusions
Antibacterial agent polyhexamethylene biguanide (PHMB) was successfully encapsulated into silica capsules and obtained capsules were thoroughly characterized. The amount of PHMB loaded inside the capsules was determined to be 24 %wt with an encapsulation efficiency of 20%. Although empty silica capsules and those filled with PHMB (PHMB@Silica capsules) are both spherically shaped, the size distribution of the latter is broader. The synthesized empty silica capsules are mesoporous materials but when PHMB is encapsulated (PHMB@Silica capsules) the surface area decreases significantly and there is also a decrease in pore size and volume. Almost all PHMB encapsulated in PHMB@Silica capsules (22 wt% out of the 24 wt% obtained by TGA) is leachable after 24 h stirring in water. Furthermore, the study on release of PHMB for 24 h showed that silica capsules liberate higher amounts of PHMB in water than in ethanol solution or PBS at pH 7.0. Although an initial rapid release is observed, equilibrium was established and maintained as time progressed. The release kinetics study reveals that the drug follows pseudo-second order kinetics and the mechanism of drug release was desorption type. In PBS at pH 7.4, ca 59% of PHMB is released from capsules in 24 h, most of which was leached during the first 30 min. The fact that PHMB is released from capsules over time may explain the delayed bactericidal activity of PHMB silica capsules in the presence of microorganisms. Hence, the encapsulated PHMB in silica capsules can be used in delivery systems that require a controlled release of bactericide for a relatively short time span. In spite of the encapsulation of the bactericidal polymer causing a decrease in the kinetics of inactivation due to the delay in it liberation from capsules, similar factors of inactivation were achieved at the end of time-course experiments as with equivalent amount of free PHMB using a recombinant bioluminescent Escherichia coli strain as a biological model.
